Chiroptical electroactive poly(3,4-ethylenedioxythiophene) (PEDOT) was electrochemically synthesised in cholesteric liquid crystal (CLC) electrolyte solution from the terEDOT monomer.
Introduction
Cholesteric liquid crystal (CLC) has phase chirality, 1, 2 and thus exhibits strong optical rotary power.
The helical arrangement of CLC on a macromolecular scale greatly enhances the physical manifestation of chiroptical properties to such an extent that the optical rotation of a chiral molecule can be enhanced in the CLC phase. Therefore, chiral conjugated polymers with CLC-like macromolecular formations are expected to exhibit considerable optical activity.
Liquid crystal (LC) is a useful reaction medium, having both liquid-like fluidity and structure that can be imprinted on the forming molecules. A LC can thus function as both a reaction field and a chiral molecular template. Chemical reactions in CLC may be particularly effective for producing chiral compounds from achiral materials, since the phase chirality of the CLC provides a three-dimensional (3D) sequential chiral field for the chemical reaction.
LC solvents have been employed for many decades for preparing polyacetylenes with high electrical conductivities using the Ziegler-Natta catalytic system, [3] [4] [5] and the polyacetylene films thus prepared display a high degree of fibril orientation. CLC has been employed to prepare helical polyacetylene. 6 LC materials are widely employed in chemistry and physics as molecular templates for synthesizing aromatic -conjugated polymers with supramolecular order. [7] [8] [9] [10] [11] [12] [13] In a previous study, polyEDOT prepared in CLC showed no fibril structure. 14 However, was successfully polymerised in CLC; the polyEDOT appearing as a partially spiral structure over the entire film surface. 14 This may be because the EDOT monomer has no rigid rod-like molecular shape and was not organized before polymerisation in CLC. Herein, polymerisation of biEDOT may improve these drawbacks due to the linearity of biEDOT. Employment of terEDOT for polymerisation in CLC may further improved these points, and it is expected to produce polymers with high conversion because the number of arylene units in the monomer increases, thus reducing the oxidization potential.
In the present study, electrochemical polymerisation in a CLC electrolyte solution 15 is performed using terEDOT, a three-ringed system, to afford a high-performance optically electroactive -conjugated polymer. A method for producing terEDOT with high-resolution electronic spectra has been previously reported. 19, 20 Here, a novel synthetic route for preparing the terEDOT monomer is reported. The rigid rod-like shape of terEDOT provides good affinity for LC in blends. The terEDOT as a monomer itself can be pre-organized into a chiral sense prior to polymerisation in the CLC medium. The terEDOT is expected to have high polymerisation activity due to its low potential.
The fibril-forming result of PEDOT from terEDOT prepared in a CLC electrolyte solution by the transcription electrochemical polymerisation enables visualization of CLC due to the polymer orientation. The resultant polymer exhibits a coiled fibril structure, and the entire surface has a vortex pattern, showing chiroptical electrochromism. Furthermore, the diffraction properties and the chiral-spin magnetic structure for the polymer have been evaluated. Polymerisation in nematic LC (NLC) was also conducted and the birefringence was quantified. This also can provide quantitative information as to how the properties of the polymer reflect those of the liquid crystal host.
The CLC structure occurs in many instances in nature. For example, the cuticle of crusted insects such as Cetonia (beetle) exhibit a CLC structure, resulting in the wavelength-selective reflection of circularly polarized light. 16, 17 Polymerisation of the organic constituent in the secretion of these insects proceeds in such a manner as to produce CLC order, and the material produced is both insoluble and infusible. Similarly, the biomineralization of vaterite in egg yolk proceeds via an LC template to produce multilayered shells. 18 Biological LC thus functions both as a reaction field and as a template to guide the formation of the organic structure. The CLC-based polymerisation mechanism considered in the present study attempts to achieve structural chirality by imprinting in a manner comparable to these biological processes as a form of biomimetic technology. 
Results and discussion

Polarizing optical microscopic image
POM observations of the PEDOT* prepared in the CLC electrolyte solution revealed that the polymer exhibits a fingerprint texture resembling (but not identical to) that of the original CLC system (Fig. 2) . In CLC, the optical texture is closely related to the individual molecular ordering forming the matrix, and the present PEDOT* film exhibits birefringence along with an excellent colour distribution due to optical retardation under POM, similar to that of CLC. In other words, the molecular arrangement of the individual main chains was oriented in a helical manner, similar to that of CLC. However, the polymer is not CLC. 
Diffraction
The CLC-like periodic structure of the PEDOT* film produces two optical effects: the diffraction of light and the iridescent reflection of light. Diffraction can be observed by irradiating the PEDOT* film on the ITO electrode with a laser set perpendicular to the film surface and visualizing the transmitted pattern on a screen. A circular diffraction pattern (a Fourier-transformed image) is produced due to the random diffraction function of the present polymer, as shown in Fig. 3(A) .
Three wavelengths of laser light were tested (red, green, blue), and each produced a diffraction circle of characteristic radius. The circle diameter increases with an increase in the laser wavelength (blue < green < red). The grating period corresponds to the distance between adjacent stripe features of the polymer film. Although the inherent colour of the polymer is dark blue ( Fig. 3(B) ), a rainbow-coloured iridescent reflection occurs under irradiation with white light, and the reflected wavelengths vary with the angle of incidence and the wavelength composition of the incident light beam ( Fig. 3(C) ). 13 This iridescent reflection originates from the periodic stripe structure of the polymer surface. Thus, the diffraction by the polymer satisfies Bragg's law, n= 2dsin, where n is the integral number,  is the wavelength, d is the lattice constant, and  is incident angle (glancing angle). In the case of this system, P/2 (distance between the stripes) is the lattice constant.
Uniaxial PEDOT* prepared in oriented electrolyte solution by shear stress exhibits an oriented optical texture and an oriented laser diffraction pattern, as shown in Fig. 4 (top) and 4(lower). 25 The orientation of PEDOT* is normal to the shear direction of the CLC electrolyte solution (slightly tilted), suggesting that the shear stress aligns the fingerprint pattern of the CLC electrolyte solution, whereas individual CLC molecules are aligned normal to the shear direction. In the polymerisation of terEDOT, the polymer molecules are aligned according to the CLC electrolyte solution, and are thus aligned normal to the shear direction of the CLC electrolyte solution. These results indicate that the laser diffraction effectively expresses the molecular orientation of the polymer. The CLC of the biomolecules are solidified during the process of skeletal formation. 32 The characteristic structure is utilized for structural colour in insects such as butterflies. The morphology and polymerisation process of the PEDOT* in the present study may be similar to those for other biological systems. Moreover, the morphology is very similar to the microstructure of the tangential section of tubercles of Carcinus maenas (littoral crab) 16 ( Fig. 5C) . A distinct surface image taken at high magnification is shown in Fig 5D. In the SEM image, a S-shaped structure is observed between three lines of bundles.
Plausible polymerisation mechanism
A plausible polymerisation mechanism of terEDOT in CLC electrolyte solution is shown in Fig.   6 . The CLC electrolyte solution has one-handed helical ordering ( Fig. 6(A) ). Polymerisation is performed in the sequential helical director field (red arrows in Fig. 6(B) ) of the CLC electrolyte solution with an electrochemical epitaxial growth mechanism, and the chiral field provides a one-handed twist of the main chain (Fig. 6(C) ). The lamella-like structure can be considered an advanced form of the helical arranged structure. The CLC thus provides a chiral reaction field and functions as a chiral molecular vessel.
Individual twisted PEDOT* main chains (Fig. 6(D) ) aggregate to form lamella-like semicircles (Figs. 6(E), 6(F), 6(G)). The top-view SEM image of the polymer shows a lamellar structure with the "S-shaped" form ( Fig. 6(H) ). The right-handed helical bundles of the polymer are located in the region where the directors of CLC are oriented parallel to the electrode surface. This may be due to the fact that helical torque of the CLC affects the polymer during the growth process in this region.
The polymer may thus form a characteristic structure in the CLC electrolyte solution. 
Electrochemical polymerisation in nematic liquid crystal
Electrochemical polymerisation of the monomer was also carried out in the same manner using a nematic LC (NLC) to afford N-PEDOT (PEDOT prepared in an NLC). The electrolyte solution for this polymerisation consisted of 0.29 g 6CB, 0.6 mg TBAP, and 8 mg terEDOT. A POM image of the NLC electrolyte containing the monomer is shown in Fig. 7(A) .
The primary feature of molecular organisation in NLC is the orientational order of the molecular axis, where the average direction of the long axes defines the director (n), which may be treated as a vector. The LC displays a schlieren texture, appearing as a brush-like pattern or thread-like texture, reflecting the disclinations and directors of individual LC molecules in the system. N-PEDOT film exhibits birefringence and a schlieren texture with two-fold brushes under POM, as shown in Fig. 7(B) . Supplementary Information, Fig S1) . The radical cations and dications on the main chain can be referred to as polarons and bipolarons, respectively.
34-36
The colour of the polymer changed reversibly from dark-blue to sky-blue upon oxidation, which proceeds by the electrochemical doping of perchlorate ions. This doping/dedoping behaviour is typical for electroactive polymers. [37] [38] [39] As shown in Fig. 8 (top, oxidation process), PEDOT* exhibits a Cotton effect associated with the -* transition of the polymer main chain, which is related to the polaron region in electrochemical doping and dedoping. CD spectra of electrochemical reduction process of the polymer are shown in the Supporting Information, Fig. S2 (top) . These results indicate that the redox process for the CD With increasing voltage, the CD signal at 450 nm weakens and the peak at 619 nm strengthens.
Furthermore, the CD signals at 900 nm are negative at 0.7 V and positive at 0.5 V. Plausible structures of chiral aggregation forms produced in CLC electrolyte solution and polaron as a charge carrier in the main chain are shown in Fig. 9 (lower). Polarons locate individual main chains, and gradually twist in a helical manner to form chiral aggregation polarons. Moreover, the results suggest formation of helical polarons of the conducting polymer. This synthesis was carried out according to a previously reported method. 
Technique
Absorption spectra were obtained using a Hitachi U-2000 spectrophotometer, and circular dichroism measurements were performed using a Jasco J-720 spectrometer. Electrochemical measurements of polymers were conducted using an electrochemical analyser (PGSTAT 12, Autolab, Netherlands), and optical textures were observed using a Nikon ECLIPS LV 100
high-resolution polarizing microscope with Nikon LU Plan Fluor and Nikon CFIUW lenses at 1000× and 500× magnifications without immersion oil. 
Materials
